Introduction {#sec1}
============

The rise in global population and urbanization has increased total waste generation, causing the need for already limited waste disposal sites, potentially leading to unsanitary conditions affecting human health and exacerbating pollution across the globe through increased use of fossil fuel to meet growing energy demand ([@bib83], [@bib109], [@bib144], [@bib65]). With a finite supply of conventional fossil raw materials and environmental implications caused by their use, research efforts are paving the way to more environmentally friendly, economically viable, and technically feasible alternative energy sources ([@bib90]). One option gaining increased attention is the recovery of valuable products from organic-rich waste streams, using waste-to-energy (WTE) pathway. Waste is a pressing environmental challenge worldwide, but with its high energy potential, WTE can provide a sustainable path toward reducing fossil consumption and waste valorization. Conversion of wet waste feedstocks into transportation fuels and chemicals represents a significant opportunity for transforming these underutilized resources ([@bib118], [@bib31], [@bib94], [@bib27]).

Wet wastes often include wastewater sludge; food waste; animal waste; and fats, oils, and greases (FOG) (see [Supplemental Information](#appsec1){ref-type="fn"}, section [Supplemental Wet Waste Feedstocks: The Untapped Potential](#mmc1){ref-type="supplementary-material"}) ([@bib26]). The U.S. Department of Energy estimates approximately 50 million dry tons of combined wet organic wastes in the United States are available annually for conversion to biofuels, bioproducts, or biopower, representing an untapped energy potential of nearly 0.7 quadrillion British thermal units (Btu) ([@bib26]). Moreover, some of these wastes can be available at negligible or negative prices (avoided tipping fees). [@bib16] estimates about 61% of sewage sludge, 27% of animal manure, and 7% of food waste may be potentially available in the United States at negative prices in areas with dense population and high landfill tipping fees. [Figure 1](#fig1){ref-type="fig"} shows the distribution of waste in the United States along with individual energy potential in gallons gasoline equivalent (GGE), resulting in an annual energy resource of 11.3 billion GGE ([@bib139]).Figure 1Estimated Wet Waste Quantity and its Fuel Equivalent in the United States ([@bib139])The bar chart represents the estimated million (MM) dry tons of wet waste, and the embedded pie chart shows the fuel equivalent values of all the wastes in MM gallons gasoline equivalent (GGE).

The most common practices of waste management include (1) direct disposal, landfilling, and incineration ([@bib104], [@bib128]), (2) composting and production of animal feed ([@bib35]), and (3) anaerobic digestion (AD) to produce biogas (methane, or CH~4~, and carbon dioxide, or CO~2~). Disposing and landfilling are unsustainable, as their use leads to environmental issues such as greenhouse gas emissions (GHG) and odor production ([@bib35]), whereas combustion and incineration of waste produces toxic pollutants that are suspected human carcinogens ([@bib128]) and are usually present in the form of particulates, gases, and metals ([@bib68]). Composting and animal feed production by recycling organic matter are potentially better options but produce low-value products and promulgate risk for disease dispersal.

In contrast, all these wet wastes can be converted into renewable fuels (including diesel and aviation fuels), biochemicals, biopower, and many other products. With abundance of wet waste availability, researchers have been focusing on arresting the methanogenesis step in the AD process to produce short-chain carboxylic acids such as volatile fatty acids (VFAs) and lactic acids, which can further be used to produce hydrocarbons or chemicals ([@bib3], [@bib41], [@bib88], [@bib97], [@bib162]). Thus, by utilizing the untapped potential of wet wastes, we could create an environmentally sustainable pathway to meet the challenges associated with growing energy demand and help construct the bioeconomy of the future ([@bib26]).

This study provides a comprehensive and multidisciplinary review on advanced pathways for production of high-value products such as lactates and VFAs (referred to as "short-chain carboxylic acids") from wet wastes including sludge from wastewater treatment (WWT) plants, food waste, swine manure, and FOG as an alternative to conventional biogas. The focus provides quantitative analysis on both technical and economic perspectives of wet waste-to-short-chain carboxylic acid conversion strategies, considering the fundamental limitation of wet waste conversion theoretical boundaries to value-added chemicals. The insights on the current technology status, process challenges, and economic and market potentials are summarized in the study to provide recommendations for wet waste-to-short-chain carboxylic acid conversion strategies on technology applications, commercialization, and technology features for future research and development guidelines as an alternative to biogas production.

Biogas or Carboxylic Acids: What is the Valorization Pathway? {#sec2}
=============================================================

Conventional AD {#sec2.1}
---------------

AD is a natural process where microorganisms break down organic materials in absence of oxygen to produce biogas, a useful renewable source. Biogas is mainly composed of 40%--75% CH~4~ and 15%--60% CO~2~ by volume with small amounts of hydrogen (H~2~), nitrogen, hydrogen sulfide, oxygen, and water ([@bib129]). It is a decomposition process that naturally occurs in swamps, water-logged soils, rice fields, and digestive systems of termites and large animals ([@bib115]). It is an established technology that has been commercialized in municipal WWT plants since the early 1900s. Since then, it has been applied to treating different types of organic waste including food waste, yard waste, and process residues, providing a clear path to waste management while reducing dependency on conventional sources.

The traditional AD process involves four biological steps that include hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Hydrolysis breaks down insoluble matter to simple monomers via hydrolytic bacteria, whereas the acidogenesis and acetogenesis convert simple sugars and acids to carboxylic acids, alcohols, CO~2~, and H~2~ via acidogens and other bacteria. The final methanogenesis step converts these acetates and H~2~ to biogas via methanogenic bacteria, which is the final product of the process.

Although the production of biogas using AD technology provides an environmentally sustainable approach when compared with landfills, there are several problems associated with the process and its use. These include the possibility of GHG emissions during biogas handling operations, additional costs for biogas refining to remove impurities for use in applications, and cheap availability of natural gas ([see Supplemental Information](#appsec1){ref-type="fn"} section [Supplemental Issues Pertaining to Biogas Production](#mmc1){ref-type="supplementary-material"}). Also, the second largest constituent in biogas is CO~2~, which translates to carbon being lost to unusable gas (although there has been some research on converting this CO~2~ to methane) ([@bib51]), thereby reducing carbon and subsequently energy efficiency. With these obstacles in mind, approximately 250 plants out of 1,500 digesters located at WWT facilities in the United States utilize biogas for heat and/or power, whereas others simply flare the biogas. Therefore, research efforts have been focused on production of higher-value products as opposed to biogas that would reshape the traditional AD process industry and fundamentally improve total energy yields.

Arrested Methanogenesis {#sec2.2}
-----------------------

To achieve the goals of both economic development and environmental sustainability, development of advanced technologies by utilizing an integrated approach to resource management for producing high-value end products must be a priority. One alternative and a more advanced strategy to avoid the production of biogas is to arrest methanogenesis to a degree so that intermediate short-chain carboxylic acids are produced instead, as a direct precursor to high-value biofuel and bioproduct precursors ([@bib26], [@bib147]). In addition, studies have shown H~2~ to be produced biologically by fermentation of organic wastes (also referred as "dark fermentation") ([@bib179], [@bib19], [@bib117]), although thermodynamic limitations due to inoculum instability and issues pertaining to optimization of operational parameters for maintaining microbial consortia for continuous H~2~ production are bottlenecks restricting the hydrogen yield and productivity ([@bib138], [@bib122]).

Arrested methanogenesis refers to different approaches that inhibit or primarily block methanogenesis while promoting carboxylic acid production in acidogenesis and acetogenesis steps. There are several proven strategies to arrest methanogenesis, including change in operating parameters of the process (e.g., pH, temperature, and retention time) to increase activity of acid-forming bacteria ([@bib77]), use of an inhibitor to prohibit methanogen activity ([@bib106]), and use of enhanced waste pretreatment technologies ([@bib163], [@bib160]).

Short-Chain Acids {#sec2.3}
-----------------

Short-chain carboxylic acids range from C~2~ to C~4~ acids such as acetic acid (C~2~), propionic acid (C~3~), lactic acid (C~3~), butyric acid (C~4~), and succinic acid (C~4~)---which are potential renewable carbon sources that can be used to produce fuels or chemicals ([@bib41], [@bib150]). They are used in a variety of applications, including polymers, food additives, pharmaceutical products, and cosmetics.

Carboxylic acids are produced from microbial carbohydrate digestion in ruminants and other herbivores, as a naturally occurring concept, without any need for external enzymes to break down cellulose and complex carbohydrates ([@bib24], [@bib11]). Conventionally, carboxylic acids are commercially derived from fossil-based sources through chemical routes ([@bib71], [@bib54]). For example, acetic acid is produced through carboxylation of methanol, butyric acid from chemical synthesis through oxidation of butyraldehyde (obtained from propylene), and propionic acid from direct oxidation of hydrocarbons or carboxylation of ethylene with carbon monoxide and water.

Utilizing organic-rich wastes ([Figure 1](#fig1){ref-type="fig"}) to produce carboxylic acids would help eliminate waste generated around the world ([@bib8]). It would also help reduce concerns pertaining to using glucose and sucrose as a main carbon source to produce carboxylic acids ([@bib178], [@bib92]). Also, the short-chain acids from waste sources would help reduce GHG emissions and energy and chemical demand, which are typically higher if produced from petroleum-derived sources ([@bib25], [@bib156]). Moreover, with the increasing price of oil and scarcity of non-renewable sources, alternative routes such as wet wastes for producing carboxylic acids would be a cost-effective and environmentally friendly option.

Although proven, there are several challenges with arrested AD technology that include identification of microbial consortia for conversion of complex organic streams, low productivity of carboxylic acids, acid toxicity (presence of a high concentration of minerals and carboxylates), and high cost of recovery and separation. There has been progress toward addressing some of these challenges, but a great amount of effort is still needed to move toward commercialization. These challenges are addressed in the next section.

Technical Perspectives: Toward Short-Chain Acid Production {#sec3}
==========================================================

Carboxylic Acid Titers and Yields Using Arrested Methanogenesis {#sec3.1}
---------------------------------------------------------------

Several studies have demonstrated the feasibility of such strategies by controlling redox, pH, and other operational conditions, leading to production of C~2~-C~6~ acids ([@bib97], [@bib44]). [Table 1](#tbl1){ref-type="table"} summarizes the acid products, product titers, mass, and energy yields from different literature along with the feedstocks used in the arrested AD process. Compared with sludge and food waste, fewer studies investigated swine manure and FOG digestion.Table 1Summary of Literature Values for Short-Chain Acid Composition, Titer, Mass, and Energy YieldFeedCarboxylic AcidsCarboxylic Acid (g/L)Carboxylic Acid Yield (g/g VS Fed)Carboxylic Acid Energy Yield (%)ReferenceSludgenr10.70.342.6[@bib127]Sludgenrnr0.11--0.32[a](#tblfn1){ref-type="table-fn"}na[@bib5]SludgeAA, BA, VA10.70.3443[@bib126]SludgeAA, PA, VA, BAnr0.077--0.141[b](#tblfn2){ref-type="table-fn"}na[@bib32]SludgeAA, PA, VA3.5[a](#tblfn1){ref-type="table-fn"}0.302[b](#tblfn2){ref-type="table-fn"}na[@bib155]WASnrnr0.159--0.235---Untreated[a](#tblfn1){ref-type="table-fn"}\
0.14--0.24---Pretreated[a](#tblfn1){ref-type="table-fn"}17.1--25.3---Untreated\
15.3--25.9---Pretreated[@bib108]WASAA, PA, VA0.90--1.770.17--0.31[a](#tblfn1){ref-type="table-fn"}18.3--36.1[@bib99]WASAA, PAnr0.185--0.421[b](#tblfn2){ref-type="table-fn"}na[@bib107]WASAA, PA, VAnr0.298--0.368[b](#tblfn2){ref-type="table-fn"}na[@bib168]Primary sludge & WASnr4.9--21.60.15--0.78[a](#tblfn1){ref-type="table-fn"}25.1--64.9[@bib111]Primary sludge & WASAAnr0.54--0.6254.2--61.9[@bib76]Primary, secondary sludge, & WASnrnr0.44[b](#tblfn2){ref-type="table-fn"}45[@bib85]Bagasse & sludgeAA, BA15.08--60.80.36--0.4538.4--46.2[@bib125]Bagasse & sludgeAA, BA23.20.2326.3[@bib126]MSW & SSAA, BA16.3--26.00.175--0.27625.4--40[@bib7]MSW & SSAA, PAnr0.17--0.38923.3--53.4[@bib124]MSW & SSAA, BA10.7--20.50.15--0.4116.5--51.9[@bib39]MSW & SSAA, PA, BA13.6--22.20.095--0.19712.7--25.7[@bib6]FWAA, BA3.94--39.46 (pH)0.032--0.3162.3--27.6[@bib79]AA, PA, BA14.9--47.89 (temp)0.137--0.4412.5--34.6AA, PA, BA, VA12.98--24.93 (OLR)0.261--0.50419.2--42.8FW (tofu and egg white)AA, PA, BA, VA7.28--21.070.16--0.4612.2--36.1[@bib136]FWLAnr0.23--0.27 (wet basis)51.8--60.9[@bib96]FW & WASnrnr0.186---WAS[a](#tblfn1){ref-type="table-fn"}; 0.435---FW[a](#tblfn1){ref-type="table-fn"}; 0.692---Combined[a](#tblfn1){ref-type="table-fn"}52.9---Combined[@bib47]FW & excess sludgenrnr0.168---Sludge; 0.315---FW; 0.867---Combined66.8---Combined[@bib156]FW & sludgeBA, AAnr0.124--0.918[c](#tblfn3){ref-type="table-fn"}5.2--52.3[@bib150]Cattle manureAA, PA, CAnr0.158--0.2424.2--34.1[@bib124]Chicken manurenrnr0.327[d](#tblfn4){ref-type="table-fn"}na[@bib140]Swine manureAA, PA, VAnr0.09--0.12[a](#tblfn1){ref-type="table-fn"}na[@bib73]Rice straw & chicken manureAA, BA, CA25--40.80.16--0.2932.1--59.9[@bib2]Swine manure & corn stoverAA, BA15.2--25.10.19--0.3826.2--47.6[@bib40]Bagasse & chicken manureAA, BA15.5--280.11--0.1815.1--25.7[@bib60]Bagasse & chicken manureAA, BA, PA28.3--40.20.26--0.4734.7--62.9[@bib61]Sugarcane trash & chicken manureAA, BA18.4--29.90.23--0.3636.7--65.9[@bib112]Paper & chicken manurenrnr0.129--0.18320.4--28[@bib141]Paper & chicken manurenr7.9--14.50.159--0.48120.4--62.3[@bib64]Freshwater microalgaeAA, PA, BA, VA3.6--14.70.115--0.462na[@bib172]Water hyacinthsAA, PA, BA, VA, CA8.0--19.90.12--0.3na[@bib58]Paper & yeastBA, AA13.8--16.60.08--0.0914.1--16.6[@bib59]Cheese wheynr9.27--16.650.80--0.85[e](#tblfn5){ref-type="table-fn"}na[@bib53]Corn fiberBA11.1 (6.6---BA)0.56 (0.33---BA)[a](#tblfn1){ref-type="table-fn"}58.8[@bib4]Kitchen wasteAA, BA360.26223.2[@bib167][^1][^2][^3][^4][^5][^6]

The acid product distribution varies significantly with variation of feedstocks and arrested AD technologies. One typical composition of carboxylic acids from wastewater sludge digestion ranges from 30%--65% for acetic acid, 15%--30% for propionic acid, 15%--35% for butyric acid, and 10%--30% for valeric acid. However, high ranges of acetic (70%--80%) and propionic (10%--15%) acids have also been reported from sludge based on varying operational parameters. For food waste digestion, the composition of acetic acid is reported to be higher, in the range of 50%--80%, with 10%--20% propionic acid and butyric acid at lower pH values (\<5). The high concentration of acetic acid results from higher carbohydrate and protein concentrations in food waste as compared with sludge.

The product titers of carboxylic acids depend on the loading rate and digester operation mode. For example, acid titers from sludge and food waste digestions are in the range of 1--22 grams per liter (g/L) and 4 to 48 g/L, respectively. As food waste has high soluble organic content and better digestibility, the concentration of carboxylic acids is typically higher as compared with sludge. Co-processing with various organic wastes often reaches higher product titers; up to 61 g/L have been reported ([@bib125]). Higher product titers would often result in high product yield. When food waste is co-digested with sludge, the highest reported mass yield is 0.9 g/g VS. The high product yield is a result of higher amounts of hydrolytic and acidogenic bacteria ([@bib150]).

The production values, however, vary greatly based on feedstock type, operational parameters, type of fermentations such as batch or countercurrent, ratio of co-fermenting feedstocks, and inoculum used for the AD process ([@bib89]). The carboxylic acid energy yield can reach in excess of 60% for sludge as shown by [@bib76] and [@bib111]. Also, the energy yield for lactic acid through a fungal hydrolysis process can reach up to 61% for food wastes as shown by Kwan, Hu, and Lin ([@bib96]). In addition, co-fermenting sludge with food waste yields higher acid concentration with an energy yield of 53% and 67%, as shown by [@bib47] and [@bib156], respectively. To further understand the importance of arresting methanogenesis by varying multiple process parameters, we estimate carboxylic acid theoretical energy yields as described in the section below.

Theoretical Energy Yields: Acids Versus Biogas {#sec3.2}
----------------------------------------------

The compositional variability---such as amount of cellulose, lipid, protein, and lignin---and conversion of fermentable components plays a vital role in determining the superiority of carboxylic acid production as opposed to CH~4~ (in biogas) in terms of energy potential. [Table 2](#tbl2){ref-type="table"} shows a summary of key compositions of four types of wet waste organic feedstocks utilized for carboxylic acid production.Table 2Summary of Key Data for Four Types of Wet Waste Organic FeedstocksParametersWastewater SludgeFood WasteSwine ManureFOGTypical scale (wet tons/day, unless noted)1--300 MGD1--2501--2501--200Ash7.5%5.0%15.2%0%Lipids18.0%21.0%3.8%78.0%Proteins24.0%19.0%20.0%7.0%Fermentable carbohydrates16.0%55.0%36.5%15.0%Lignin0%0%21.0%0%Extractives (all non-fermentable components)34.5%0%3.5%0%Energy density (MMBtu/DT)17.720.815.535.4Dry tons (MM)14.815.341.06.1Trillion Btu237.6318.2547.1214.3Moisture content (%)96%75%93%6%--95%TS (%)Primary: 2%--6%25%7%5%--94%Secondary: 2%--10%COD (mg/L) Range47,200--140,00039,800--350,00020,600--35,00092,000--149,000 Mean135,711154,00028,430120,500Assumed COD reduction55.5%65.0%55.0%82.0%[^7]

As described earlier, the main acids produced through the AD process are in the range of C~2~ to C~4~ acids with small quantities of C~5~ and C~6~ acids. Thus, we focus the analysis on lactic, acetic, propionic, butyric, and succinic acids in this study. In addition, H~2~ is a main coproduct along with carboxylic acids from the arrested AD process ([@bib9], [@bib66], [@bib170], [@bib173]). Considering the multiple uses and high energy density of H~2~---103.8 million Btu per ton (MMBtu/ton) ([@bib148], [@bib149])---our estimates for theoretical energy yield of carboxylic acids also reflect H~2~ potential.

The energy yield is an important parameter to estimate the biogas production values for a given amount of waste. So, would energy yield for carboxylic acids be comparable with that for biogas? Based on the molar conversion ratio of fermentable components in the feed, we divide the weighted average heating values of short-chain carboxylic acids by the lower heating values (LHVs) of the feed to determine the theoretical energy yield of the acids. As illustrated in [Figure 2](#fig2){ref-type="fig"}, the theoretical energy yield for CH~4~ varies with the type of wastes, in comparison with energy yields for short-chain carboxylic acids. The compositions of fermentable components in each waste are also shown in [Figure 2](#fig2){ref-type="fig"}. The energy yield of CH~4~ is estimated at 58% for sludge, 74% for food waste, 54% for manure, and 70% for FOG.Figure 2Theoretical Energy Yields for Carboxylic Acids as Compared with MethaneLeft y-axis is percentage composition of the wastes and right y-axis is percentage energy yield of product to feedstocks. The black error bars indicate the variation of C~2~-C~4~ acid product distribution for each type of wet waste.

For acid production, high energy yields require not only high molar conversion of fermentable components in waste feedstocks, but also a product with high intrinsic LHV. For instance, butyric acid has the highest LHV among all C~2~--C~4~ acids studied here, which would result in a high energy yield assuming it is the sole product. The molar yields to short-chain carboxylic acids (C~2~--C~4~) are listed in [Table 3](#tbl3){ref-type="table"}. The molar yield from carbohydrate to acetic acid is 3 to 1, leading to high energy yields in food waste because of 55% carbohydrate content in its feed composition. Similarly, high lipid composition in FOG leads to high energy yields of either CH~4~ or carboxylic acids.Table 3Molar Yields of Carbohydrate, Lipid, and Protein to Carboxylic AcidsMolar Yield to CarboxylatesCarbohydrateLipidProteinAcetic acid, H~2~3, 018, 730.22, 0.55Propionic acid, H~2~1.5, 1.512, 610.15, 0.38Lactic acid, H~2~2, 312, 730.15, 0.53Butyric acid, H~2~1, 29, 550.11, 0.33Succinic acid, H~2~1, 59, 820.11, 0.66CH~4~3360.44

The error bars in [Figure 2](#fig2){ref-type="fig"} indicate the variation of acid product distributions. Thus, the energy yield of acids is estimated to exceed CH~4~ with values of 58%--63% for sludge, 76%--87% for food waste, 54%--63% for swine manure, and 75%--80% for FOG. This demonstrates the importance of exploring alternative approaches such as arrested AD, as energy in wet wastes can be sustained efficiently in carboxylic acids as compared with CH~4~.

Factors Impacting Acid Production {#sec3.3}
---------------------------------

[Figure 3](#fig3){ref-type="fig"} illustrates major unit operations for production of short-chain carboxylic acids through an arrested AD concept and its extraction from the fermentation broth.Figure 3Major Unit Operations for Carboxylic Acid Production

After biomass enters the arrested AD unit, microorganisms can utilize it as an energy source to produce products by converting fermentable components to acids. In acidogenesis, the monomers formed in the hydrolytic phase are taken up by acidogenic bacteria to be degraded into short-chain carboxylic acids, alcohol, H~2~, and CO~2~. In this process, a group of microorganisms are inhibited before the methanogenesis stage so that no CH~4~ is formed, and the main products in the broth are a mixture of carboxylic acids. After acid production from the arrested AD, the broth is sent to the separation and extraction steps to selectively obtain acids from the mixture. The remaining unconverted sludge can be used for land application. Process water is routed back for reuse.

There are several approaches to increase carboxylic acid and simultaneously reduce biogas production during the biological conversion step. This includes inducing acidification by improving the rate of hydrolysis, increasing the amount of acidogens by promoting acidogenesis, and reducing methanogens by inhibiting methanogenesis ([@bib162]). Recent progress has been made in the new electrofermentation process, where electrodes are used to regulate the redox potential to inhibit methanogenesis ([@bib81]). The rate-limiting step for carboxylic acid production is hydrolysis ([@bib150], [@bib98]), and vital factors impacting its production include pH ([@bib43], [@bib45]), temperature ([@bib99]), redox potential ([@bib80]), and hydraulic retention time (HRT) ([@bib76]). Other parameters impacting carboxylic acid production include organic loading rate ([@bib164]), substrate pretreatment ([@bib111]), co-fermentation with other wastes ([@bib156]), and feeding pattern ([@bib175]). Studies have also shown to produce H~2~ and CO~2~ along with carboxylic acids ([@bib89]).

pH is one of the most important parameters impacting product yields. pH levels in the reactor highly impact the rate of hydrolysis and acidogenesis, which is one of the key approaches toward short-chain acid production ([@bib20], [@bib174]). Most of the acidogens cannot withstand extreme acidic (pH = 3) or alkaline (pH = 12) environments ([@bib103]), thus it is necessary to maintain an optimal pH for inducing acidification depending on the type of wet wastes and acids of interest. [@bib155] found that acid productions from primary sludge are higher at alkaline conditions with the highest concentration of 3.5 grams of chemical oxygen demand per liter (g COD/L) at pH = 10, with acetic, propionic, and iso-valeric acids having the highest yields. Zhang, Chen, and Zhou ([@bib168]) also studied the production of short-chain acids from waste-activated sludge at different pH conditions and found that acids do not withstand acidic (pH \< 7) or strong alkaline conditions (pH \> 9). Similarly for food waste, high yields were reported by [@bib150] from food waste at pH = 6, with acetate and butyrate as the main acids. [@bib79] and [@bib167] also showed high acid yields from kitchen waste at pH levels close to neutral (pH between 6 and 7) due to high hydrolytic enzyme activity and acidification and low methanogen activity ([@bib146]). [@bib73] showed high acid yields from swine manure at slightly alkaline pH values (8--10) for a short-term AD process. Thus, pH is an influencing factor to induce acidification and inhibit methanogens for selectively producing acids ([@bib63]).

The AD process corresponds to a cascade of oxidation and reduction reactions carried out by consortia of microorganisms. As a closed system without external inputs of an energy source or electron acceptors, AD tends to reach a thermodynamic equilibrium, with CH~4~ as the main product because it has the lowest Gibbs energy change per electron than organic compounds. Similar to pH as a measure of proton activity, the redox potential corresponds to the NAD^+^/NADH ratio within cells, which represents their intracellular oxidation states and controls gene expression and enzyme synthesis for the overall cell metabolic activities ([@bib143], [@bib44]). Therefore, recent studies found redox potential could influence fermentation pathways and regulate the product spectrum. [@bib70] reported that when a high-redox potential was maintained (+0.2 volts and −0.2 volts versus silver/silver chloride), methanogenesis by *Methanothermobacter thermautotrophicus* was effectively suppressed; when a low potential −0.8 volts was applied, CH~4~ production increased dramatically ([@bib70]). [@bib80] investigated the effects of redox potential of the mixed culture anaerobic fermentation reactor and found that by increasing the potential from −1.0 volts to −0.2 volts (versus silver/silver chloride), methanogenesis was reduced by 68% and acetic acid generation was reduced by 33%. This redox-potential-based control presents a new approach to arrest methanogenesis.

Temperature is another important factor impacting acid production. The population of microbes and rate of hydrolysis are highly impacted by change in operational temperature ([@bib177]). Hao and Wang ([@bib67]) and Zhang, Chen, and Zhou ([@bib168]) found increased hydrolysis rates and carboxylic acid productions at thermophilic temperatures as compared with mesophilic conditions due to high proportions of carbohydrate and protein in sludge. [@bib79] and [@bib91] found maximum acid yields from food waste at lower temperatures (35°C--45°C) demonstrating low solubilization and high acidogenesis with a sharp decrease at high-temperature conditions (\>55°C). For both sludge and food waste, mesophilic temperatures favor acetic and propionic acid production, whereas thermophilic temperatures favor butyrate production ([@bib168], [@bib79]). In contrast, high yields were obtained by [@bib73] from AD utilizing swine manure with C~2~--C~5~ acids as the dominant products. Therefore, temperature conditions impact the microbial population, leading to selective acid formation depending on the type of waste.

HRT is an important operational parameter needed to determine the volume of the reactor used in the AD process. Depending on the type of waste and hydrolysis rate, studies have shown high carboxylic acid yields at long HRTs ([@bib21], [@bib22], [@bib132]). When using sludge as a feedstock, an HRT long enough to endorse hydrolysis and short enough to mitigate methanogen production is ideal for acid production ([@bib57]). In contrast, [@bib157] and [@bib110] have shown high yields at short HRT from sludge, with iso-valeric, acetic, and butyric as the dominant acids. For vegetable waste, a long HRT helps to increase VS reduction, producing a high concentration of acids ([@bib29]). Similarly, for food waste, [@bib102] showed an increase in acid production when HRT was increased from 4 to 8 days; however, no significant difference was observed when HRT was further increased to 12 days due to acids being consumed by methanogens. Acetate and propionate were mainly produced for all HRTs, whereas butyrate production reached a maximum at an HRT of 8 days. Therefore, depending on the type of waste, the HRT should be fine-tuned to promote acidification and restrict methanogen activity for distributed acid production.

Apart from pH, redox potential, temperature, and HRT, other factors, including organic loading rate (OLR), substrate pretreatment, co-fermentation, and feeding pattern, also affect methanogen activity. The OLR---or amount of waste fed daily to the digester---shows similar behavior to acid yields as HRT. Studies have shown acid yields decrease with increasing OLR; however, its concentration increases linearly with OLR until a certain optimum rate with drastic reductions with any further increase in OLR ([@bib102], [@bib114], [@bib161]). In addition, the pretreatment of substrates (e.g., hydrothermal treatment or heat shock) have been shown to increase acid yields from sludge and food waste ([@bib134], [@bib135], [@bib160]). Other types of pretreatment, such as acid, alkaline, biological, ozone, and ultrasound, have also been shown to increase the soluble content of COD by more than 25%, which helps to improve hydrolysis by improving enzymatic accessibility of the substrate ([@bib50], [@bib52], [@bib86], [@bib87], [@bib37], [@bib30], [@bib133], [@bib56], [@bib159], [@bib55], [@bib38], [@bib131]). [@bib156] have shown an increase in acid production when co-fermenting food waste with excess sludge. The study shows that co-fermentation effectively enhances hydrolysis and acidogenesis yield by increasing hydrolytic and acidogenic bacteria while inhibiting methanogens with self-maintaining pH at around 5.2 to 6.4. [@bib113] compared different feeding patterns (continuous versus semi-continuous) and found that production of acids sharply decreases with increase in feed frequency (per day at constant intervals), suggesting a semi-continuous feeding pattern.

In addition to the individual effects of operational parameters, many studies have shown the combined effects to optimize carboxylic acids productions. For example, [@bib76] investigated the impact of pH and HRT on acid production during mixed culture fermentation and showed that acid concentrations were highest at long HRTs at alkaline conditions, whereas short HRTs were favorable at an acidic environment. Acetate was the main acid except at an acidic environment and short HRTs where propionate dominated.

Short-Chain Acid Recovery Methods {#sec3.4}
---------------------------------

The separation or recovery of carboxylic acids drives the economics to sustainable and cost-effective applications. Industrial separation of carboxylic acids such as lactate, acetate, and succinate from the fermentation broth is typically expensive due to significant chemical and energy uses such as in neutralization and physical separation. For instance, in the industrial production of citric acid, the downstream recovery process accounts for 30%--40% of the production cost ([@bib145], [@bib105]). Acid extraction from the fermentation broth will need to be followed by selective acid recovery from the mixture of short-chain carboxylic acids, increasing recovery costs. The solvent that may be used in the pertractive membrane for the extraction of acids could be lost downstream due to ineffective recovery of acids, which increases the separation cost. Also, an additional filtration step to remove ash from the recycled solvent stream increases the overall cost. Moreover, membranes are proven to recover long-chain acids ([@bib116]), so the short-chain carboxylic acids may have losses that increase the cost of separation.

Some of the current and most effective recovery methods include liquid-liquid extraction, membrane separation through electrodialysis, precipitation, distillation, adsorption through ion exchange, and absorption. In addition, the separation of acids in batch mode through resin adsorption and solvent elution are also well known. Other technologies based on extractant or sorbent auxiliary phase include an ion-exchange method that uses ionic liquids to extract acids with greater extraction efficiency ([@bib105], [@bib123], [@bib171]) and an *in situ* product recovery method that can be coupled with other separation techniques such as liquid-liquid extraction to recover short- (C~2~--C~4~) and medium-chain (C~5~--C~6~) carboxylic acids using a combined *in situ* product recovery/membrane technology ([@bib130]). Moreover, several novel methods being researched also include membrane separation through nanofiltration, reverse osmosis, membrane contractors, and pervaporation.

Liquid-liquid extraction is a well-established method that uses relative solubility to separate immiscible liquids ([@bib14]). Anionic solvents such as alcohols, ketones, or ethers are used to extract carboxylic acids from the fermented broth ([@bib146], [@bib137]). High extraction efficiencies in the range of 61%--98% have been observed by [@bib10] while using sugar-beet processing wastes, although the pH of the solution might increase during extraction, making it difficult for recovery if it is not controlled ([@bib123]). A feasible and popular alternative is membrane separation through electrodialysis where carboxylic acids are transferred from one solution to another through a voltage difference between two electrodes with recovery efficiencies of up to 99% ([@bib82], [@bib72]). However, high costs of membranes, energy requirements, and fouling may limit its application ([@bib72], [@bib137]).

Another widely accepted method is precipitation of calcium lactate with calcium hydroxide to recover lactic acid from the fermentation broth. Although common, this method requires large quantities of sulfuric acid and lime and accounts for 50% of the production costs ([@bib151]). Ammonia or alcohols have also been utilized to recover carboxylic acids using a distillation process where the mixture is separated based on a difference in volatility. [@bib95] have shown the extraction of lactic acid through esterification and hydrolysis in a reactive distillation-based process. However, research is still needed to lower energy demand and capital costs for economic separation and recovery using distillation ([@bib12]). Another prevelant method is adsorption where acids are recovered from the broth through physical interaction with absorbents such as ion exchange resins ([@bib120]), with yields ranging from 76% to 85% ([@bib14]). Although reliable, the regeneration of ion exchange resins and waste stream disposal still needs consideration to make this method cost effective ([@bib152]). Air or gas stripping absorption, generally used to remove contaminants from wastewater, has also been applied for acid recovery by [@bib100] where a combination of nitrogen gas stripping with calcium carbonate slurry was used to recover C~2~ and C~4~ acids.

Other novel methods for carboxylic acid recovery include reverse osmosis and nanofiltration that basically use semipermeable membranes to separate solute from the solvent based on size and pressure ([@bib176]); however, the recovered acids are not concentrated ([@bib165]). Studies have shown retention rates up to 90% using nanofiltration membranes depending on the pH, temperature, pressure, and solute concentration ([@bib166], [@bib158]). Aydin, Yesil, and Tugtas ([@bib15]) recently investigated the recovery of carboxylic acids from landfill leachate and fermentation broth of anaerobically digested organic waste using a permeation membrane contractor and found recovery efficiency of greater than 86% and 95%, respectively. Another study showed the extraction of acids using a bioelectrochemcial system, such as microbial electrolysis cells that uses microorganisms attached to electrodes to catalyze oxidation or reduction reactions ([@bib36]). Recently, pervaporation separation was investigated for selective reovery of acetic acid from the fermentation broth, but high operating costs limit their application ([@bib154], [@bib46]).

Economic Perspectives {#sec4}
=====================

Economic Potentials of the Arrested AD Technology {#sec4.1}
-------------------------------------------------

Economic perspectives of acid productions provide insights and guidance for emerging R&D needs. The economics of short-chain carboxylic acids are studied based on the range of estimated theoretical energy yields ([Figure 2](#fig2){ref-type="fig"}), mass yields, and future market demand. The supporting technical assumptions pertaining to product titer, yield, carboxylic acid separation efficiency, and COD reduction are described in [Table 4](#tbl4){ref-type="table"}. Undoubtfully, improving the acid production from arrested AD unit operation is a key process metric to improve overall process economics. Moreover, taking advantage of existing AD units could also bring economic benefits. We consider these technical and economic assumptions in the Aspen Plus ([@bib13]) software-based techno-economic analysis (TEA) model and consider the change is operating parameters to improve the performance of the microorganism consortium through synthetic biology and genetic engineering to overcome technical challenges stated in the technical perspective section for targeting the selective acid production. With regard to acid separation, an *in situ* product recovery unit during biological conversion is capable of not only pulling reaction equivalents but also removing acids to improve product final titers to minimize reactor sizes. For the current design, an *in situ* pertractive unit continuously extracts the acids across a membrane using a solvent such as tri-octyl-phosphine oxide (TOPO) ([@bib130]). Although membrane separation technology has been widely accepted in the industrial applications, there are still concerns related to fouling of the membrane, type of membrane (e.g., zeolite vs. polymer) utilized for selective acid separation, and loss of solvent during acid recovery process ([@bib137], [@bib72]). This may have significant impacts on the process efficiency. There are methods utilized for improving the anti-fouling properties of membranes, which includes pretreatment technologies to remove any undesirable products or chemicals leading to fouling, scheduled cleaning, and changing membrane properties depending on the acid properties (hydrophobic versus hydrophilic) ([@bib1]). For the issue related to solvent loss, the cost of additional vacuum distillation unit operation is considered to prevent dimerization and degradation of the TOPO carrier molecule as well as reduce the boiling point to improve the energy efficiency of the integrated plant. See [Supplemental Information](#appsec1){ref-type="fn"} section [Supplemental Carboxylic Acid Recovery Methods using TOPO](#mmc1){ref-type="supplementary-material"} for detailed description of the process.Table 4Technical Assumptions for Lactic and Butyric Acid Production from Wet WastesTechnical ParametersSludgeFood WasteSwine ManureFOGCOD reduction55.50%65%55%82%Acid separation efficiency\>99%\>99%\>99%\>99%Lactic acid titer (g/L)29.3200.442.6110.5Butyric acid titer (g/L)18.8121.023.876.6Lactic acid yield (kg/dry ton)326.7598.7428.6864.7Butyric acid yield (kg/dry ton)209.1340.6238602.8Product titers (kg VS/m3/day)4.24.24.24.2

As illustrative examples, lactic acid and butyric acid are selected for this economic study. It should be noted that although arrested methanogenesis would usually yield a mixture of carboxylic acids in the fermentation broth without specifically targeting high value acids, we select lactic and butyric acids as the sole acid product based on the market demand and cost of acid on a mass and energy basis. The LHV of lactic acid is estimated to be 11.72 MMBtu/ton ([@bib13]), whereas its current market selling price is \$1.30--\$2.30/kg in 2011\$ ([@bib69], [@bib28]), equivalent to \$1.40--\$2.40/kg in 2016\$ (\$109.00--\$186.00/MMBtu) using the Inorganic Chemical Index ([@bib74]). On the contrary, the LHV of butyric acid is estimated to be higher than lactic acid at 19.8 MMBtu/ton ([@bib13]), whereas its current market selling price has a similar range from \$1.80 (2013\$) to \$2.40 (2015\$)/kg ([@bib17], [@bib33]), equivalent to \$1.80--\$2.40/kg in 2016\$ (\$83.00--\$110.00/MMBtu).

[Table 5](#tbl5){ref-type="table"} summarizes the capital and operating costs associated with the production of carboxylic acids (lactic and butyric acids) along with key parameters used to perform TEA for this process pathway. As shown in the table, the two major unit operations contributing the most to the total installed capital cost estimates are anaerobic digester system (50%--70%) and carboxylic acid separation technology (15%--30%), depending on the type of waste.Table 5Techno-economic Parameters Associated with Lactic and Butyric Acid Production from Wet WastesParameterWastewater SludgeFood WasteSwine ManureFat, Oil, and GreaseProductLactic AcidButyric AcidLactic AcidButyric AcidLactic AcidButyric AcidLactic AcidButyric AcidPlant scale (wet tons/day, unless noted)300 million gallons/day250220200Discount rate10%Cost year2016Plant economic years30**Installed Capital Costs (million\$)**Feedstock handling0.30.30.040.040.040.040.040.04Anaerobic digester35.732.911.110.63.973.795.275.0Acid separation15.314.71.961.61.231.191.391.3Storage0.20.10.020.010.010.010.10.01Utilities0.40.30.20.150.040.040.10.1Total capital costs51.950.013.312.55.35.16.86.5Direct and indirect costs16.413.34.23.91.61.62.22.0Total capital investment68.363.317.516.46.96.79.08.5**Annualized Operating Costs (million\$/year)**Variable operating costs1.641.180.510.30.10.060.270.2Fixed operating costs6.926.711.631.581.091.081.121.1Total operating costs8.577.892.141.881.191.141.391.3

Combining arrested AD with an *in situ* pertractive separation unit, [Figure 4](#fig4){ref-type="fig"} presents the minimum selling price of the two acids from four waste feedstocks. At a scale higher than 10 million gallons per day (MGD) for wastewater sludge or other wastes of 10--50 wet tons/day, the waste to lactic acid production is cost competitive with production from fossil-based processes. Although the cost estimates for butyric acid are higher than lactic acid, it is still competitive to market price at a scale of 15 MGD for wastewater sludge and 10--140 wet tons/day for other wet wastes. The higher costs of butyrate in \$/kg as compared with lactate is because the butyrate pathway produces more CO~2~ than lactate, which reduces the overall biomass conversion yield to the targeted acids. Also, butyrate has low oxygen to carbon ratio, which also impacts its mass yield.Figure 4Lactic and Butyric Acid Production Costs in Comparison with Current Market Selling Price(A--D) show the carboxylic acid production costs in \$/kg for AD processing wastewater sludge, food waste, swine manure, and FOG, respectively, for corresponding plant scales.

In addition, some of the wet waste feedstocks are currently available for negligible or even negative prices (depending on the type of waste and location), as facilities such as animal feeding operations or WWT plants need to pay some amount in the form of tipping fees to dispose the waste. The average tipping fees in the United States for 2018 were \$55.22/ton as compared with \$51.82/ton in 2017, a 7% increase over one year ([@bib153]). Once the value of these wastes becomes apparent, the demand and its corresponding cost would upsurge with increasing technology readiness as more WTE operations would compete for them. Moreover, biogas has a possibility to leak if mishandled, diminishing the overall positive impacts.

Wet wastes are geographically distributed with a wide range of compositional and temporal variability. Although distributed in areas with high population density for maximum market opportunities (except for manure), there are often challenges that restrict technologies to one family of feedstocks when considering stringent handling regulations. The distributed nature of wet wastes as opposed to fossil-based feedstocks requires a decentralized approach and tailored production strategies. With carboxylic acid production from wet waste via arrested AD still in its nascent stage, mass production could help reduce costs and increase production volumes by more than three times (18% versus 6%) compared with centralized facilities by applying technical expertise ([@bib49]). Moreover, our analysis shows lactic and butyric acid production costs to be competitive at lower plant scales, making distributed conversion more appealing than traditional methods. However, choosing a centralized system could help economize costs with high-quality products. Thus, there are factors for favorable strategies that determine the economics and should be carefully considered before making a final decision.

In all, the costs of acids from swine manure are lower as compared with other wastes, whereas food waste and FOG show the highest economic potential for lactic and butyric acid production. The production of these acids from wastewater sludge and swine manure needs to attain high yields on a mass basis before it can compete with market prices at lower plant scales. Our analysis does not consider any feedstock costs in the TEA for production of carboxylic acids. However, it is important to note that the production cost of acids could be further reduced by incorporating negative feedstock costs (where applicable, depending on the type of waste and location), usually incurred by the facilities (e.g., WWT plants) in terms of tipping fees. Therefore, this study shows that waste to acids could provide an economical alternative, with options of retrofitting existing AD facilities. We conclude that converting waste to short-chain carboxylic acids could be cost competitive with acids from chemical markets.

Potential Uses of Acids Produced from Wastes {#sec4.2}
--------------------------------------------

Carboxylic acids can be used in a variety of applications including biological nutrient removal, polyhydroxyalkanoate (PHA), renewable plastics (such as polylactic acid (PLA)), chemical or chemical precursors, and bioenergy production ([@bib14], [@bib97]).

Carboxylic acids can be used in the production of PHAs, which are biodegradable polyesters synthesized by different types of microorganisms and stored in microbial cells as carbon and energy storage materials ([@bib101], [@bib119], [@bib84]). The main acids responsible for PHA production include acetate, butyrate, and lactate ([@bib48], [@bib3]). They can also be utilized as a feed for biofuel production or used in production of a variety of chemicals such as acrylate and propene ([@bib42], [@bib62], [@bib142], [@bib169]). PHAs can be accumulated in the range of 40%--77% from different types of feed including sludge ([@bib78]) and food waste ([@bib121]). [@bib23] conducted a pilot-scale experiment to remove carbon and nitrogen from wastewater and observed a 49% accumulation of PHA from volatile suspended solids with acetate and other organic residues as a substrate. Korkakaki, van Loosdrecht, and Kleerebezem ([@bib93]) increased the PHA storage capacity from 48 to 70 wt% by introducing a sedimentation step to selectively force carbon in the substrate for PHA accumulation in contrast to microbial growth. See [Supplemental Information](#appsec1){ref-type="fn"} section [Supplemental Uses of Carboxylic Acids](#mmc1){ref-type="supplementary-material"}.

Lactic acid is typically produced by fermentation or by chemical synthesis. A fermentation process converts carbohydrates---such as glucose and sucrose---to lactate using *Lactobacillus* microorganisms. Chemical synthesis uses acetaldehyde and hydrogen cyanide and the hydrolysis of lactonitrile with sulfuric acid to lactic acid and ammonium sulfate. About 77% of lactate is consumed to make PLA, 19% is applied for food and beverages, whereas the remaining is used for industrial applications, pharmaceuticals, and personal care products. The global production of lactic acid was estimated to be over 0.3 million tons in 2013, and its demand is expected to reach around 2 million tons by 2020 ([@bib28], [@bib75]). Although the global PLA capacity is expected to exceed 800,000 tons by 2020, its demand is expected to rise at a much higher rate to 1.2 million tons in 2020. This robust growth in the PLA market would enable the use of unconventional feedstocks and exploration of alternative pathways to meet the market demand.

Butyric acid is typically produced by oxidation of butyraldehyde derived from oxosynthesis of propylene obtained from crude oil ([@bib18], [@bib17]). The primary application of butyric acid is mainly in plastic production ([@bib34]), with its derivatives being used in food, chemical, and pharmaceutical production ([@bib18], [@bib17]). It has also been utilized in animal feed to replace antibiotics. The global production of butyric acid was 88,000 tons annually in 2013 with the United States alone producing 39,000 tons. The demand is expected to rise to 105,000 tons in 2020 at a compound annual growth rate of 15.1% ([@bib14]).

The wet waste in the United States has the capacity to meet and surpass the global demand of acids, provided all the available waste is diverted to produce these promising acids. [Figure 5](#fig5){ref-type="fig"} shows the amount of wet waste required for meeting the global demand of acetic, propionic, lactic, and butyric acids in 2020 ([@bib14]).Figure 5Summary of Wet Waste Usage to Meet the Global Short-chain Acids Demand (2020)The mass yield of carboxylic acids from all animal waste is assumed to be similar to swine manure.

All the wet wastes have enough inherent energy to meet the global demand, with an additional 17.9 million tons available for use in acid derivative markets or fuel production. The demand for acetic acid is highest followed by lactic acid, propionic acid, and butyric acid. The demand for lactic acid is 18-fold as compared with butyric acid, whose main market is fast-growing PLA. As most of the lactic acid is used for PLA production, the excess production potential could positively disrupt the global PLA demand beyond the predicted values. This allows its market to expand and potentially drive down prices, considering its high potential to replace polyethylene terephthalate, which has a large demand worldwide. Alternatively, the demand for other acids will continue to rise, potentially requiring alternative ways to produce the supply without disrupting the market economy.

Conclusions and Outlook {#sec5}
=======================

Increasing waste around the world and dependency on fossil fuels have created the need for developing alternative approaches such as WTE that lead to more environmentally friendly and economically attractive alternative energy sources. Conventional methods to produce biogas from wastes are well-known commercialized processes implemented all over the world. However, with issues related to GHG emissions from fossil-based feedstocks, research efforts are driving toward the production of high-value products such as carboxylic acids through an arrested AD process. This study presents the potentials of acid production through an arrested AD process on both technical and economic aspects. One key finding from this study is that arrested AD, as alternative WTE strategy, can sustain energy efficiently from waste feedstocks as compared with CH~4~. This study provides insights on current technology development, process challenges, applications, and economics for producing high-value chemicals such as short-chain carboxylic acids from wet wastes. Although the optimum set of operating parameters for acid production and its separation from the fermentation broth continues to be a challenge, the high energy potential and competitive cost makes it a strong contender for AD technology. Our economic analysis shows that at larger plant scales (\>15 MGD or \>140 wet tons per day), an arrested AD process could produce acids that could beat the current market selling price, providing a potentially viable pathway to meet the future demand of acids by switching to eco-friendly wastes. Although the costs of lactate and butyrate are competitive with market prices, there are still challenges to be addressed technically on improving arrested AD technology and cost-effective, low-capital, and energy-intensive separation technologies to increase economic attractiveness. Last, the wet waste in the United States has the capacity to meet and surpass the global demand of acids, provided all the available waste is diverted to produce these promising acids. The acid existing market capacity can be saturated by converting 65% of wastes, with an additional 17.9 million tons available for use in acid derivative markets or fuel production. This research aims to help the WTE community broaden their perspective beyond conventional AD with the potential to direct future research and development. For the next steps, we plan to integrate the carboxylic acid upgrading technologies using arrested methanogenesis as the core conversion step linking with downstream separation and purification strategies. This will be achieved through detailed research and development in the area of conversion of carboxylic acids to hydrocarbon fuels and chemicals that will help us understand the process technology and techno-economic advances over chemical markets or reach the projected cost targets to compete with gasoline and diesel.

Limitations of the Study {#sec5.1}
------------------------

Although this study demonstrates that the cost of producing lactic and butyric acid is cost competitive to chemical markets, these results are based on technical and economic assumptions in TEA and would need to be revisited based on new experimental data and refined cost estimates. Moreover, an arrested AD technology would usually produce a mixed slate of carboxylic acid products unlike pure acids assumed in this study, which may have additional cost implications based on acid separation efficiency and technology utilized. Moreover, the fundamental limitation associated with sensitivity of industries to use carboxylic acids produced from wet waste, especially in the pharmaceutical sector, may hinder faster adoption of this technology. However, this may be overcome through pilot- and demonstration-scale facilities showing high productivities and purity levels required by industries.
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[^1]: VS = volatile solids, MSW = municipal solid waste, SS = sewage sludge, AA = acetic acid, BA = butyric acid, PA = propionic acid, CA = caproic acid, VA = valeric acid, nr = not reported, na = data not available, FW = food waste, LA = lactic acid, WAS = waste activated sludge, OLR = organic loading rate. Note that data not available is included when the yield (g/g VS fed) is available but the composition of carboxylic acids or the lower heating value of component (feed or specific acid) is not available to estimate the energy yield.

[^2]: Value expressed in g carboxylic acid/g non-acid volatile solids fed.

[^3]: Value expressed in chemical oxygen demand (COD) units.

[^4]: Value expressed in g carboxylic acid-COD/g volatile suspended solids (VSS) fed.

[^5]: Value expressed in g carboxylic acid-COD/g lactose.

[^6]: Value expressed in g carboxylic acid/g VSS (removed).

[^7]: MGD = million gallons per day, DT = dry ton, MMBtu = million British thermal units, MM = million, TS = total solids, COD = chemical oxygen demand.
